Weed management in safflower (Carthamus tinctorious L.) is a major challenge for growers due to very limited herbicide options available, particularly for broadleaf weed control. ) alone or dimethenamid-P with pendimethalin provided a moderate to good control (65% to 79% at 60 DAT) of kochia and Russian-thistle. However, the end-season control of kochia or Russian-thistle was inadequate (<50% control) with pendimethalin, dimethenamid-P, or S-metolachlor alone program. Safflower grain yield with sulfentrazone alone or with pendimethalin, pyroxasulfone alone or with pendimethalin, and dimethenamid-P with pendimethalin averaged 3559 kg•ha −1 , which was 195% higher compared with the nontreated check. In conclusion, sulfentrazone and pyroxasulfone or dimethenamid-P in combination with pendimethalin will be effective PRE herbicide programs for kochia and Russian-thistle control in safflower.
Introduction
Safflower is an annual oilseed crop well adapted to the semiarid regions of the US Great Plains and Canada. Safflower possesses a deep taproot system, which can extend to a depth of 2 to 3 m into the soil, and is more tolerant to drought stress compared to other oilseed and small grain crops [1] [2] . Therefore, safflower would be a potential fit as a second crop in the dryland winter wheat-fallow rotations in this region [3] [4] . In 2015, Montana ranked second among the safflower producing states, with 13% of the total US safflower production [5] . In the absence of weed interference, safflower grain yields can exceed 2000 kg•ha −1 when grown after winter wheat [2] . However, safflower is a poor competitor with weeds, and weed control is one of the major production challenges for successful adoption of this crop [4] [6] . Safflower seedlings remain in the rosette stage for 3 to 4 weeks after emergence and the canopy closure occurs late in the season; hence, early-emerging weeds species can easily outgrow and shade the crop [4] . A season-long weed interference in safflower can reduce grain yields by 93% [4] [6] .
Trifluralin, EPTC, ethalfluralin, and S-metolachlor are the preemergence (PRE)/ preplant incorporated (PPI) herbicides labeled for use in safflower [1] [7] . Trifluralin (applied PPI) was the first herbicide labeled for use in safflower [8] . It is effective on some annual grasses, but does not adequately control Brassica species, kochia, and Russian-thistle. These weed species are particularly troublesome in safflower production areas of this region, including Montana [1] [4] [6] .
Furthermore, the need for soil-incorporation of trifluralin, ethalfluranlin, and EPTC for optimum weed control often limits their use in no-tillage semi-arid cropping systems of this region. S-metolachlor applied PRE controls annual grasses and few broadleaf weeds such as pigweeds (Amaranthus species) [9] [10].
During 1980s, sulfonylurea (SU) herbicides such as chlorsulfuron, metsulfuron, and thiameturon (now thifensulfuron) were tested, particularly for postemergence (POST) broadleaf weed control, in safflower [4] [6] . Previous studies found that safflower exhibits variable tolerance to these SU herbicides, and moderate to severe injury may occur if applied to safflower plants less than 15-cm tall [4] [11]. This is a major limitation in using these SU herbicides for early-season POST weed control, especially for weeds such as kochia and Russian-thistle, which can emerge very early in the spring before or with safflower seedlings in the US Great Plains [6] [12] . Thifensulfuron is the only POST herbicide currently labeled for broadleaf weed control in safflower in the US [1] . However, the widespread occurrence of ALS-resistant kochia and Russian-thistle in Montana and several other states in the US Great Plains [13] renders thifensulfuron ineffective for controlling these weed biotypes in safflower.
Therefore, there is a need to investigate alternative herbicide programs for improved broadleaf weed control in safflower, especially kochia and Russian-thistle, and to facilitate registration of new products for use in safflower.
The objective of this research was to investigate effective PRE soil-residual her- Table 1 .
Treatments were arranged in a randomized complete block design with four replications, and plots were 3 m wide by 9 m long. Preemergence (PRE) herbicide treatments listed in Table 2 were applied on April 25, 2015 and May 2, 2016. A non treated check was included for comparison. All herbicide treatments were applied with a CO 2 -pressurized backpack sprayer calibrated to deliver 187 L•ha −1 at 186 kPa using XR11002 flat-fan spray nozzles. Each year, the test site had a natural uniform infestation of kochia and Russian thistle. Percent crop injury and weed control were visually rated on a scale of 0 (no injury) to 100 (complete injury/plant death) at 7, 15, 30, and 60 days after treatment (DAT) of the PRE herbicide. The end-season (65 DAT) weed density was enumerated by species in a 1-m 2 quadrat placed at the center of each plot. Safflower and weed heights were recorded 10 weeks after treatment (WAT) by measuring the height from the soil surface to the highest growing point from ten randomly selected plants per plot. Days to flowering (100% of plants with at least one fully open flower) were also recorded in order to further assess crop injury. At physiological maturity, safflower was harvested using a plot-combine on August 20, 2015 and August 28, 2016. Safflower grain samples were cleaned, and yields were adjusted to 13% moisture.
Statistical Analysis
All data were subjected to ANOVA using the MIXED procedure in SAS 9.3 (SAS Institute, Cary, NC). Data on crop injury and weed control were arcsine-transformed and weed density data were square-root-transformed before analysis to improve homogeneity of variances and normality of residuals. Non transformed means are presented in tables based on the interpretations from the transformed data. Year, herbicide treatment, and their interactions were fixed effects, and replication and interactions involving this variable were random effects in the model. Data were pooled across locations whenever year by herbicide treatment interaction was not significant. Means were separated using Fisher's protected LSD test at P < 0.05.
Results and Discussion
The 2016 growing season was slightly wetter compared to the 2015 growing season (Table 1) . However, the treatment by year interaction was not significant on safflower visual injury, weed density, percent weed control, or safflower grain yield; therefore, data were pooled over years.
Safflower Injury
None of the PRE herbicide programs, except sulfentrazone alone or with pendi- 
Kochia Control
Pyroxasulfone alone provided greater kochia control when applied PRE at 118
(high rate) compared to 59 (low rate) g•ai•ha −1 at 30 DAT (Table 3) when tank mixed with dimethenamid-P at 213 g•ai•ha −1 (Table 3) .
Kochia control 45 DAT with sulfentrazone alone or with pendimethalin, and pyroxasulfone (low rate) + pendimethalin ranged from 91% to 99%. Addition of dimethenamid-P to pendimethalin also improved kochia control from 55% to 76%
at 45 DAT. However, pyroxasulfone (low rate) + pendimethalin treatment did not differ from pyroxasulfone alone treatment applied at the high rate (Table 3) .
Among all PRE herbicide treatments, there was a greater decline in kochia control with pyroxasulfone alone (low or high rate) or pendimethalin alone ) on kochia and other weed species including common lambsquarters (Chenopodium album L.) and wild buckwheat (Polygonum convolvulus L.) at 21, 35, and 63 DAT [14] . Dimethenamid-P alone and S-metolachlor alone were the least effective treatments for kochia control in safflower across all evaluation dates (<20% control). Similarly, in a study conducted in corn, the end-season kochia control with dimethenamid-P or acetochlor (another chloroacetamide herbicide) did not exceed 32%; however, the addition of pendimethalin to acetochlor significantly improved kochia control [14] .
A poor control from dimethenamid-P and S-metolachlor resulted in an average of 50 kochia plants•m −2 by the end of the season (65 DAT) ( Table 3) , with an average height of 80 cm at 10 WAT. The end-season kochia density did not exceed 6 plants•m −2 because of the extended residual activity from sulfentrazone alone, sulfentrazone + pendimethalin, and pyroxasulfone + pendimethalin treatments. In addition, kochia plants in those plots were much below the safflower canopy, with an average height not exceeding 18 cm at 10 WAT (data not shown).
Russian-Thistle Control
Sulfentrazone, sulfentrazone + pendimethalin, and pyroxasulfone + pendimethalin controlled Russian-thistle by 95% to 98% at 30 DAT. Control with pyroxasulfone at the high and low rates did not differ, and averaged 88% at 30 DAT. Control 30 DAT with pendimethalin or dimethenamid-P alone was consistent with pendimethalin + dimethenamid-P, and ranged from 72% to 76%. At 45 DAT, Russian-thistle control with pendimethalin + dimethenamid-P (75%) was better than pendimethalin alone (65%) or dimethenamid-P alone (56%), indicating an enhancement of residual activity on Russian-thistle when the two herbicides were applied in combination. Pyroxasulfone alone at the high and low rates provided 82% average control of Russian-thistle in safflower 45 DAT. Similar to kochia control, the addition of pendimethalin to pyroxasulfone (low rate) improved the residual activity on Russian-thistle (94% control) compared with pyroxasulfone alone (low or high rate) ( Table 3) .
At 60 DAT, Russian-thistle control with pendimethalin alone or dimethenamid-P alone further declined, and was inadequate (<50%). Control with pyroxasulfone + pendimethalin (92%) was superior to pendimethalin + dimethena- , with a plant height not exceeding 12 cm at 10 WAT.
Safflower Grain Yield
Consistent with the weed control, safflower yield was higher in pyroxasulfone alone (low or high rate), pyroxasulfone + pendimethalin, dimethenamid-P + pendimethalin, sulfentrazone alone, and sulfentrazone + pendimethalin compared with the remaining herbicide treatments, and ranged from 3388 to 3690 kg•ha −1 (Table 4 ). In contrast, grain yield with pendimethalin, dimethenamid-P, and S-metolachlor alone treatments averaged 2080 kg•ha −1 . A season-long interference of kochia and Russian-thistle reduced the safflower grain yield by 66% in the nontreated check plots, compared with the top six high yielding treatments. Means within a column followed by similar letters are not significantly different based on Fisher's protected LSD at P < 0.05.
Conclusion
This is the first published information on the efficacy of these PRE herbicides for (65% to 79% end-season control) and prevented yield reductions; whereas, pendimethalin, dimethenamid-P, and metolachlor alone were ineffective in controlling those weeds in safflower. This research may facilitate registration of pyroxasulfone, dimethenamid-P, pendimethalin, or sulfentrazone for broadleaf weed control in safflower at the use rates evaluated, which will potentially allow growers to successfully adopt safflower in dryland wheat-based crop rotations in this region.
